The mineralogical and chemical compositions of Lower Carboniferous (Tournaisian) marine black shale from the Kowala quarry, the Holy Cross Mountains, Poland were investigated. This study focuses on disturbances in palaeoenvironmental proxies caused by palaeoweathering, which progressively changed the major and trace element abundances. Palaeomagnetic investigations reveal that the Devonian -Carboniferous succession was weathered during the Permian-Triassic by the infiltration of oxidizing fluids related to karstification following post-Variscan exhumation. The weathering process led to vermiculitization of chlorite, partial dissolution of calcite and replacement of pyrite by hematite and goethite. Moreover, the concentrations of some trace metals, including Co, Cu, Pb, Mo, Ni, As and U, significantly decreased. Consequently, some elemental abundance ratios that are used as environmental proxies, including U/Th, Ni/Co and V/Cr, were altered. Elements that are bound to iron sulphides (e.g., Mo) appear to be especially prone to mobilization by even a lightly weathered black shale. The documented weathering, including changes in elemental concentrations, can create misinterpretations of the original palaeoenvironmental conditions. In addition, the palaeoweathering of the studied samples appears to have substantially changed the carbon, oxygen, nitrogen and molybdenum stable isotope values. The nitrogen and molybdenum stable isotope ratios, in particular, appear to be most sensitive to the effects of weathering and therefore are good indicators
Introduction
Black shales that are deposited in oxygen-deficient environments are typically enriched in redox-sensitive elements, including sulphide-bound trace metals and elements that are involved in biological cycles (Georgiev et al., 2012) . Experimentally defined inorganic palaeoenvironmental proxies (e.g., U/Th or Ni/Co ratios) are routinely used to reconstruct the redox conditions during the deposition of organic-rich sedimentary rocks (e.g., Rimmer, 2004; Riquier et al., 2005 Riquier et al., , 2006 Racka et al., 2010; Bond et al., 2013) . Other commonly applied element-based indicators in geochemical studies can estimate the palaeoproductivity and detrital input (e.g., P/Al, Ba/Al, Ni/Al, Cu/Al, Racki et al., 2002 Racki et al., , 2012 Tribovillard et al., 2006; Algeo and Ingall, 2007; Schoepfer et al., 2014) , the influence of volcanic activity (e.g., Zr/Al, Fe/Ti, Racki et al., 2002; Pujol et al., 2006) , and the degree of hydrothermal overprinting (e.g., Al/(Al+Fe+Mn), Fe/Ti, Racki et al., 2002; Brumsack, 2006) . Carbon and nitrogen stable isotope values are also regularly utilized in palaeoenvironmental studies of both ancient and recent marine systems (e.g., Bauersachs et al., 2014; Obreht et al., 2014; Tulipani et al., 2014) . However, these proxies are often measured in sedimentary rock samples collected from outcrops that have been exposed to atmospheric conditions for unknown periods. Weathering processes may thus have altered the elemental abundances and isotopic ratios, potentially creating misleading interpretations regarding the depositional redox conditions. Previous studies have considered the loss of organic carbon induced by oxidation, the theoretical modelling of weathering pathways, and general variations in kerogen composition (Leythaeuser, 1973; Lo and Cardott, 1995; Bolton et al., 2006) . Notably, pyrite appears to reacts more rapidly with O 2 than organic matter (OM) does, creating a deeper pyrite oxidation front than the OM weathering front (Petsch et al., 2000; Wildman et al., 2004; Bolton et al., 2006) . Detailed studies of changes in the molecular composition of both extractable and unextractable OM (Clayton and King, 1987; Littke et al., 1989; Petsch et al., 2000; Marynowski et al., 2011a & b; Tamamura et al., 2015) have revealed the selective leaching of kerogen macromolecules and changes in soluble organic compounds" concentrations and distributions from the initial degradation of less stable biomarkers and
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A C C E P T E D M A N U S C R I P T 3 biomolecules. Numerous studies concluded that weathering processes can significantly influence the interpretation of biomarkers as palaeoenvironmental proxies and indicators of OM sources (Clayton and King, 1987; Petsch et al., 2000; Marynowski et al., 2011a & b) .
The alteration of major and trace element compositions (including REEs) and stable isotope ratios caused by secondary hypergenic processes, including weathering and biodegradation, remains poorly understood. The mobility of rhenium and platinum group elements during weathering of organic-rich deposits has been addressed by Peucker-Ehrenbrink and Hannigan, (2000) and Jaffe et al. (2002) , and Kolowith and Berner (2002) investigated the effects of weathering on phosphorus concentrations. Still, knowledge of the behaviour of many other elements is scarce. Thus, interpretations of palaeoenvironmental conditions based on conventional elemental proxies may be compromised by the effects of weathering (Georgiev et al., 2012) .
Here, we investigate variations in the chemical composition of a Lower Carboniferous (Tournaisian) marine black shale horizon caused by palaeoweathering. We focus on progressive changes in major and trace elements, with special attention on the disturbance of key palaeoenvironmental proxies. In addition, we document the variations in δ 13 C, δ 15 N and δ
98
Mo from unweathered black shale to highly weathered rock. This study presents a unique opportunity to consider the effects of increasingly intense oxidative weathering along a single homogenous black shale bed (Fig. 1) .
A C C E P T E D M A N U S C R I P T 4 2. Samples and Methods

An interval of the open marine sedimentary sequence of the Holy Cross Mountains
(Szulczewski, 1995) is exposed along the eastern wall of an active quarry in Kowala, Holy Cross
Mountains, Poland (Fig. 1 , cf. Marynowski et al., 2011a; . A detailed geological description of this area and the Devonian-Carboniferous boundary section has been provided by Marynowski et al. (2000 Marynowski et al. ( , 2010 and Berkowski (2002) . Carboniferous and Devonian rocks dip steeply to the west and are overlain by a few meters of red Permian conglomerate, which is in turn overlain by Quaternary deposits. At the contact with Permian rocks the older rocks are visibly oxidized to a depth of a few meters, although individual layers are readily traced along the length of the exposure. A 10-cm-thick black shale horizon (KQ136; cf. Marynowski et al., 2011a) was selected for this study. The layer changes colour within the weathering zone as one approaches the contact with the Permian deposits first to green and then to red at the contact ( Fig. 1 ). Nineteen samples were collected in September 2012 from a 3-4 cm thick interval at the bottom of the shale. Samples A to F represent black shale.
Samples G to K were also black but with some rusty coatings, while samples L to T were green and change to red in the uppermost part ( Fig. 1 
). Previous studies of Upper Devonian to Lower
Carboniferous samples from the same quarry indicated that these rocks are thermally immature to early mature, with Rock-Eval T max values between 421 and 425 °C and an average vitrinite reflectance value of 0.53% R o (Marynowski and Filipiak, 2007; Marynowski et al., 2011a) .
Total organic carbon (TOC) total sulphur (TS) total nitrogen (TN) and total hydrogen (H)
The total carbon (TC), total inorganic carbon (TIC) and total sulphur contents were determined by using an Eltra CS-500 IR-analyser with a TIC module. The TS and TC were determined by using an infrared cell detector for CO 2 and SO 2 gases, which evolved from the combustion of organic matter under an oxygen atmosphere with the simultaneous thermal decomposition of carbonates. The TIC content was determined by an infrared detector in which CO 2 that was derived from carbonates was reacted with 15% warm hydrochloric acid. The TOC was calculated as the difference between the TC and TIC. The instrument calibration utilized the Eltra standards.
Carbonate-free residues were analysed for the TOC, TN and H by using a Vario Micro Cube elemental analyser. The absolute precisions of the TOC, TN and H analyses were ±0.6%, ±0.18% and ±0.21%, respectively. The detection limits for the analytical procedures were ~ 40 ppm.
Organic matter pyrolysis (Rock Eval)
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The Rock Eval 6 apparatus followed a "basic" protocol for OM pyrolysis. The protocol involved isothermal heating at 300 °C for 4 min at the beginning of pyrolysis followed by ramp heating to 650 °C at a rate of 25 °C /min, allowing determination of S1 and S2 parameters, which correspond to thermo-vaporized mobile hydrocarbons and those that produced by cracking, respectively (Behar et al., 2001 ). The S3 parameter, which representins oxygen-bearing OM compounds, was quantified by integrating the CO 2 signal at the temperature range that corresponded to the OM pyrolysis. In order to distinguish CO 2 generated by OM and from that produced by carbonate minerals at pyrolysis temperatures > 400 °C, powdered samples were re-analyzed after treatment with 10% HCl to remove carbonates (Behar et al., 2001; Derkowski and Marynowski, 2016) .
Paleomagnetic studies
Six precisely oriented samples of the red, uniformly dipping, limestone layers approximately three meters below the palaeo-erosional surface and a meter below the investigated KQ136 black shale ( Fig. 1c) were collected for palaeomagnetic analysis. This work involved the isothermal remnant magnetization (IRM), back-field demagnetization and thermal demagnetization of three-component IRM which was performed by using a 2G SQUID magnetometer with a MMPM10 pulse magnetizer.
Hysteresis loops were then investigated by employing a MicroMag magnetometer. The structure of the natural remnant magnetization (NRM) was investigated by applying the thermal demagnetization technique and by using a SQUID magnetometer with a MM-1 furnace. After each thermal cleaning step, the magnetic susceptibility was monitored by applying a AGICO KLY3S kappabridge. Finally, the separation of paleomagnetic directions was carried out utilizing the software of Chadima and Hrouda (2006) .
Trace metals analysis
Nineteen rock samples collected from the Carboniferous black shale horizon were analysed at AcmeLabs, Vancouver, Canada for major oxides and several minor elements (Ba, Ni, Sr, Zr, Y, Nb and Sc) by using ICP-emission spectrometry following a lithium borate fusion and dilute acid digestion of a 0.2 g sample pulp. Two separate ICP-MS analyses were performed to optimize the determination of a 31-element suite of trace elements (Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) . The reliability of the analytical results was monitored by analysing international standard reference materials and duplicate analyses of a few samples. The precision and accuracy of the results were better than ±0.05% (mostly ±0.01%) for the major elements and generally better than ±1ppm for the trace elements.
Isotope studies
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A C C E P T E D M A N U S C R I P T Molybdenum isotope compositions were determined at the IGS PAS (Kraków, Poland) and at
The Open University (UK). The analytical protocols for the chemical digestion and purification of Mo from shale powders are described in detail by Duan et al. (2010) and Liermann et al. (2011) . The Mo Mo for SDO-1, based on three separate powder digestions, was + 1.12 ± 0.14‰ (external reproducibility; 2 S.D., IGS PAS), and that for NIST 3134 (OU) was + 0.37 ± 0.07‰ (2 S.D.). The isotopic differences among the samples that were measured at the laboratories were < 0.20‰.
Results and Interpretations
Age of palaeoweathering
The position of the weathering zone below the contact of the Tournaisian black shale and overlying Permian conglomerate suggests that the weathering occurred during the Permian.
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Palaeomagnetic analysis can be used to estimate the age of palaeoweathering processes. As shown by numerous studies, oxidized fluids that infiltrate rocks from the surface significantly change the redox potential of pore fluids and thus result in the formation of new ferromagnetic minerals (e.g., Keller and Gehring, 1992 Franke et al. 2010) . These newly growing ferromagnetic minerals become magnetized in the contemporaneous geomagnetic field. The orientation of this magnetization corresponds with the latitude of the continent at the time of weathering. The isolation of such a palaeomagnetic component enables the palaeoweathering episode to be dated by a comparison of the obtained virtual geomagnetic pole (VGP) with the reference apparent polar wander path (APWP) for the investigated continent.
The studied profile contains hematite as the dominant weathering product, as shown by both the red colour of the weathered rocks, quantitative XRD data, and petromagnetic analysis confirmed that the most common ferromagnetic mineral of the studied rocks was hematite (e.g. Fig. 2a & b) .
Most of the specimens contained some goethite and small amounts of low-coercivity magnetic minerals, most likely magnetite and maghemite. The analysed rocks were essentially resistant to AF demagnetization, which indicate that the remanence was mostly carried by high-coercivity hematite and goethite. During thermal cleaning, the lowest demagnetization temperatures removed the remanence that was carried by the goethite. At higher temperatures (up to 575°C), the magnetization only slightly decreases (Fig. 2c) . However, this feature frequently displayed a somewhat more (Szaniawski, 2008; Szaniawski at al., 2011) recorded the age of remagnetization and, therefore, palaeoweathering to be Late Permian.
The Permian age of weathering in the Kowala section was supported by a pattern of mineral transformations. The vermiculitization of chlorite, which was observed along the Tournaisian shale weathering transect, does not occur in chlorite in the Permian conglomerate, which confirms that the conglomerate did not participate in the weathering of the black shale (see Supporting Materials for details).
3.2. Geochemical proxy changes -enrichment and depletion patterns 3.2.1. Total organic carbon (TOC), total sulphur (TS), total nitrogen (TN) and Rock Eval data
The TOC and TS were measured along the black shale horizon by using two independent methods ( Fig. 3 ; Table 1 ). Both methods showed a marked depletion in TOC and an absence of TS in the highly weathered zone, as previously observed by Marynowski et al. (2011a) .
The TOC gradually decreased through the weathering zones from ~ 6% in the unweathered part to 0.3 -0.05% in the highly weathered zone (Fig. 3 ). The oxidation of more than 99% of the organic carbon is consistent with very intense chemical weathering typical of warm tropical climates (Pope et al., 1995) . The TS concentration decreased to zero in the highly weathered part of the shale ( The significant documented depletion in TOC and TS clearly would result in miscalculations of geochemical parameters that rely on the TOC, TS, and Fe contents, including the degree of pyritization (see Rimmer, 2004; Rimmer et al., 2004; Ross and Bustin, 2009) . Assuming a constant Fe content ( Fig. S2 ), the near complete depletion in TOC and TS significantly changed the calculated DOP depending on the actual position along the weathering transect (Fig. 4) . The positions of the unweathered samples on the TOC-TS-Fe plot represent apparent dysoxic to slightly oxic conditions, whereas those of the partially weathered and weathered samples suggest a highly oxic sedimentary environment (Fig. 4) .
The OM weathering trend presented by Rock Eval results was consistent with what has been presented elsewhere (Georgiev et al., 2012 ; see also Petsch et al., 2000) . In all the samples, the S1
values that represented free hydrocarbons were ≤ 0.5 mgHC/g rock. The S2 values of the samples from the unweathered zone were 18-27 mg HC/g rock, while the S3 values were ~ 1.4 mg CO 2 /g rock, which yielded Hydrogen Index (HI) values of ~ 300 mg HC/g TOC and Oxygen Index (OI) values of 20 mg CO 2 /g TOC (Fig. 5 ). The T max remained constant at 426 °C. These parameters correspond to an immature / early mature type II kerogen with possible type III admixtures ( Fig. S4 ), which is consistent with the results of Marynowski and Filipiak (2007) and Marynowski et al. (2011a) . The
consistently high HI and low OI values associated with the unweathered zone indicated that these deposits did not accumulate under oxygenated conditions (Landais et al., 1991; Rose et al., 1998; Faure et al., 1999; Petsch et al., 2000; Georgiev et al., 2012) .
The boundary of the unweathered and partially weathered zones coincided with a reduction in S2 below 20 mg HC/g rock (Fig. 5 ). S2 displays an abrupt reduction in the middle of the transition zone. The decrease in S2 preceded the diminishing TOC as weathering progresses, so the HI in the middle of the transitional zone decreased to ~70 and then to 20 mgHC/g TOC, whereas the TOC remained relatively high (> 1 %). The OI increased before the significant decrease in the HI and TOC, reaching very high values of ~180 mg CO 2 /g TOC (equivalent to ~ 0.1 O/C at.). Although the TOC in the weathered zone was too low to determine the Rock Eval parameters, the CO 2 that was produced by the pyrolysis of carbonate-free samples was above the background levels, which suggests that residual traces of OM were characterized by very high OI.
The nitrogen content correlated linearly with the TOC (R 2 = 0.99; Tables 1 and S1 ), extrapolating to 0.03% at 0% TOC. This observation implies very low ammonium content in the illite (compare Środoń and Paszkowski, 2011) and a very high N/C ratio of ca. 0.05, which are consistent with a high basic contribution from N-bearing functional groups in kerogen. Furthermore, these data indicated that the N/C ratio of the kerogen remained stable during weathering.
Distribution and partitioning of mobile and immobile elements
Trace elements and REEs are used as indicators of both sedimentary and diagenetic geochemical conditions, often without considering their distribution among the mineral components of the rock. Different rock matrix species can contribute to bulk rock elemental concentrations as outlined above, for the major mineral-forming elements (Section 3.2.3). The relationships of trace elements to the mineralogy are less predictable than those for major elements. Moreover, trace elements do not have strict crystallographic constraints as major elements do, which can occur in trace minerals that are undetectable or unquantifiable by routine bulk rock mineralogical analysis (McCarty et al., 2015) . Trace elements can substitute for major elements in crystallographic positions or form trace minerals and, can be adsorbed onto clay mineral and organic particle surfaces or incorporated into organic structures (e.g., metalloporphyrins). The complete studied weathering profile, in which a major portion of the shale silicate matrix remained unaltered during weathering, provides an opportunity to differentiate mobile and immobile trace elements and distribute them quantitatively between mobile and immobile shale mineral compounds (for results and discussion on the mineral composition, see the Supporting Materials).
The mobile and immobile rock compounds were represented by different elements or parameters (cf. Fig. 3 and 5). Accordingly, Al was taken to represent the total (alumino-)silicate immobile portion, Fe was considered separately due to supergenic enrichment, the TIC represented the ACCEPTED MANUSCRIPT
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calcite alteration pathway, and the total S was the most precise proxy for pyrite (especially S that was not incorporated onto OM structures; see Marynowski et al., 2011a) . OM could be considered in terms of three different fractions: (1) the TOC which also correlated with N and represented N-bearing basic functional groups in kerogen;, (2) the total pyrolysable hydrocarbons (S2 parameter in Rock Eval);
and (3) oxygen-rich functional groups (S3 parameter in Rock Eval). The partitioning of a given element whose concentration was measured in a sample (C meas ) was performed by using a multivariable linear regression correlation: (Table 2) .
Uranium and thorium
The thorium to uranium ratio is frequently used as an indicator of palaeoenvironmental redox conditions during shale deposition (e.g. Jones and Manning, 1994; Tribovillard et al., 2006; Marynowski et al., 2012; Bond et al., 2013) . Uranium is highly sensitive to variations in seawater redox conditions (e.g. Arthur and Sagemen, 1994; Wignall, 1994) , whereas thorium is immobile, being insoluble in surface water and located in residual minerals during weathering (Jones and Manning, 1994 Thorium displayed a strong covariance with detrital clay minerals (see Supporting Materials).
The Th concentration did not significantly change during weathering and reached ca. 11 ppm in the unweathered and partially weathered zones and ca. 12 ppm in the weathered zone of the black shale (Table S1 ). The uranium content displayed a weak positive correlation with the TOC but also correlated well with the oxygen functional groups of kerogen, as represented by the Rock Eval S3 peak ( Table 2 ). The observed association with OM compounds explains why the U concentration significantly decreases from ca. 10 ppm in the unweathered black shale to ca. 4 ppm in the weathered samples (Table S1 ). Consequently, the U/Th ratio values decreased from ca. 1 in the unweathered samples (indicating dysoxic sedimentary conditions), to values that ranged from 0.31 to 0.50 (Table 1 ; Fig. 3 ), which are typically interpreted to reflect oxic water column (see Arthur and Sagemen, 1994; Racka et al., 2010) . A similar decrease in the calculated U auth , which mimic the dysoxic-oxic transition, was observed through the weathering zones ( Table 1 ).
The oxidative dissolution of uranium has been discussed in earlier studies. Similarly, our study documents the degree to which U depletion caused by palaeoweathering modified the Th/U and palaeoredox interpretations based on the use of Th/U ratios. Whereas the fully weathered zone could be visually identified and, therefore, avoided in palaeoenvironment proxy studies, the black shale in the partially weathered zone retained its dark appearance, precluding the recognition of its weathering history. The U/Th (and Th/U) redox proxy should thus be used with caution in cases where samples were exposed to past or present weathering.
Nickel, cobalt and molybdenum
Nickel is commonly used as a redox-sensitive element (Tribovillard et al., 2006; Brumsack, 2006 (Baker and Louda, 1986; Tribovillard et al., 2006) . Two approaches that are based on the Ni content are widely used in environmental proxy parameters, including the V/(V+Ni) ratio, which was defined by Hatch and Leventhal (1992) , and the Ni/Co ratio, which was described by Jones and Manning (1994) .
In both cases, the element ratios significantly change as a consequence of weathering (Figs. 3 & S5; Table 1 ). These changes were caused by coupled Ni and TOC depletion in the upper part of the transitional zone and the highly weathered zone (Table S1 ), while V that was distributed between the silicate minerals and oxygen-bearing functional groups in kerogen increased in the partially weathered zone (Table 2, Figs. 3 & S5) . Therefore, the V/(V+Ni) ratio increased in response to increased weathering. Notably, the V/(V+Ni) values of the unweathered samples from the studied black shale horizon are typical of dysoxic conditions, whereas the V/(V+Ni) ratios of the samples from the partially weathered and highly weathered zones are characteristic of anoxic conditions (Fig. 3) .
Although Co and Ni were distributed among similar rock components, the silicate matrix"s contribution to the bulk Co was much less than that to the bulk Ni content, which implies a higher contribution from element-mobile OM components (C MOB / C IM were 1.75 and 16.1, respectively; Table 2 ). This observation explains the significant increase in the Ni/Co ratio at the weathering front of the studied black shale (Table S1; (Table S1 ). However, the Ni/Co ratio values increased from the unweathered toward the weathered zone, which suggests that the rate of loss of Co was higher than the rate of loss of Ni for the studied black shale (Fig. 3) .
Molybdenum is another element whose behaviour is strongly dictated by the redox conditions (Morford and Emerson, 1999; Lyons et al., 2003; Brumsack, 2006) . Its concentrations are especially high in persistently anoxic and sulphidic environments because MoO 4 2-reacts with HS -to create thiomolebdates, which are often bound to iron sulphides (Helz et al., 1996; Morford and Emerson, 1999; Tribovillard et al., 2006) .
Our results demonstrated a very rapid depletion in Mo across the weathering profile of the black shale horizon ( Fig. 3 ; Tables 1, 2 & S1) . A strong correlation with the TS (R 2 = 0.85), low contributions from immobile mineral phases (Table 2) , and a modest correlation with the TOC (R 2 = 0.69; see also and Al values of Rudnick and Gao (2003) , covered a wide range. The samples from the unweathered part of the profile yielded results that were consistent with deposition under suboxic conditions in an unrestricted marine setting ( Fig. 7A ; see Algeo and Tribovillard, 2009; Tribovillard et al., 2012) .
Whilst the U abundances were >1 in all the samples, reaching a maximum enrichment > 4 in the unweathered samples, the Mo enrichment factors were substantially lower. Only 6 of the unweathered samples showed Mo enrichment greater than 1, and none greater than 3 (Fig. 6A ). All the partially or intensely weathered samples showed substantial Mo depletion compared to the average crustal values (Fig. 6B ).
Vanadium and chromium
The vanadium to chromium elemental ratio has been frequently used as an indicator of bottom water redox proxy (e.g., Jones and Manning, 1994; Racki et al., 2002; Rimmer, 2004; Rimmer et al., 2004; Pujol et al., 2006) . Anoxic marine conditions favour the concentration of vanadium in organic matter by the incorporation of V 4+ into porphyrins whereas chromium is often concentrated in the detrital sediment fraction (see Jones and Manning, 1994 and references therein). However, some amount of V may be transported to basins with detrital silicate (clay) minerals (Wignall, 1994; Tuttle et al., 2009 ). Our results showed small changes in the V/Cr ratio with increasing weathering (Fig. S5 ).
The magnitude of the ratio corresponded to generally oxic conditions (Table 1) . Vanadium only increased in the enrichment zone (see below), where the V/Cr ratio values were characteristic of oxic conditions (cf. Jones and Manning, see also Rimmer, 2004) . The chromium distribution in the black shale was controlled by the immobile matrix contribution, with minor contributions from pyrite (Table   2 ).
Nb and Ti vs. Cr
The Cr/Ti and Cr/Nb ratios were considered by Środoń et al. (2014) as the most stable indicators of the provenance (to discriminate between mafic and acidic rocks) and were successfully used to correlate continental sediments in the Silesan Keuper. Our study confirmed the invariance of the Cr/Ti and Cr/Nb ratios during weathering (Table S1 ).
Rare earth elements (REE)
REE concentrations, particularly Ce (e.g., Frimmel, 2009) , have been cited as sensitive indicators of palaeoredox conditions (Liu et al., 1988; German and Elderfield, 1990 ; however see doubts raised by Lev and Filer, 2004) .
REEs are generally assumed to be conservative during weathering processes and are transported to the ocean with the fine-grained suspended sediment fraction (Pollack et al., 2009 ).
Nevertheless, McArthur and Walsh (1984) suggested that oxidative weathering may 1) alter the abundances of REEs and 2) selectively remove light REEs (LREEs) at a greater rate than that at which heavy REEs (HREEs) are mobilized. Hannigan and Sholkovitz (2001) The total REEs of the samples that were analysed in our study decreased toward the weathered zone (Table S1 & S2; Fig. S6 ), and the REE depletion pattern was similar to what was documented by Ma et al. (2011) , who observed the preferential loss of MREEs. Indeed, Sm, Eu and Gd displayed losses of 30%, 25% and 26%, respectively, between the unweathered and weathered zones, which are 10% to 30% greater than the measured differences for LREEs and HREEs (Fig. 7) . Furthermore, some differences were noted in the REE ratios (e.g., Ce/Ce*, Eu/Eu*, La/Yb, Ce/Yb, La/Sm or Gd/Yb). The highest discrepancies were noted for the Gd/Yb ratio, with the difference between the unweathered and weathered samples reaching 35%.
Our data suggested that the REE concentrations from La to Dy were controlled by both immobile compounds and OM, with very similar C MOB / C IM ratios of 0.25-0.41 (Table 2) . These results related the marked change in REE concentrations from the unweathered to completely weathered shale (Fig. 7) , which was related to diminished TOC (Fig. 3) . The Lu concentration almost exclusively depended on immobile compounds, with little contribution from OM. The Tm and Yb concentrations were independent of the TOC content and seemed to be strongly controlled by carbonate minerals (Table 2 ). However, their abundance patterns did not change despite major carbonate dissolution. The Ho and Er concentrations did not show any clear correlation with any particular immobile components. Algeo and Ingall (2007) advocated the use of the C org /P ratio as a robust proxy for productivity and bottom-water redox conditions. Increased levels of organic matter burial under anoxic bottom results in the simultaneous remobilization and escape of phosphorous from sediment into the water column (Tribovillard et al., 2006; Algeo and Ingall, 2007) . However, oxic conditions favour the sequestration of organic P in sediment by incorporation into Fe-oxyhydroxides or authigenic
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carbonate-fluoroapatite phases (Slomp et al., 1996; Tribovillard et al., 2006; Algeo and Ingall, 2007) and the degradation of organic matter. Studies of modern marine environments suggested that the C org /P ratio of sediment that is deposited under permanently anoxic conditions > 150 whereas sediment that accumulated under oxic bottom-water conditions is characterized by C org /P < 30. Intermediate values indicate dysoxic conditions (cf. Algeo and Ingall, 2007; Mort et al., 2010) .
Our results showed very rapid depletion in C org and a consequent decrease in C org /P in the weathering profile (Table 1 ). The samples from the unweathered zone to the middle of the partially weathered zone displayed C org /P values > 150, which are typical of anoxic conditions and/or highproductivity regimes. The samples from that part of the partially weathered zone that was adjacent to the weathered zone were defined by intermediate C org /P values, which indicate a dysoxic but highproductivity regime. The samples from the interior of the weathered zone displayed Corg/P ratio values < 10 (Table 1) , which are typical of oxygenated, low-productivity regimes. These results are in agreement with the observations of Kolowith and Berner (2002) who maintained that the dominant P compounds in shales are P esters, which are highly resistant to chemical weathering. The results of Kolowith and Berner (2002) can explanin the stability of P from unweathered into weathered black shale even as C org /P diminishes because of a loss of organic C. However, the very low C org /P values deeper in the weathering zone (< 7; Table 1 ) suggest the role of an additional mechanism responsible for the P accumulation, for example, the binding of P by iron oxides (Slomp et al., 1996) .
Barium and silica are also sometimes used as palaeoproductivity proxies (e.g. Schmitz et al., 1997; Brumsack, 2006; Pujol et al., 2006; Śliwiński et al., 2011; Racki et al., 2012) . No major changes in their contents were observed through the weathering section that was studied here.
Enrichment zone
Some elements appeared to have preferentially accumulated in that part of the transitional zone that was adjacent to the weathered zone (Fig. 8 ). All these elements (Cu, Pb, U and V) displayed a very strong correlation with the Rock Eval S3 parameter and, a strong correlation with TOC if we eliminate the samples 136J and 136K.
The Rock Eval S3 parameter increases during weathering-related oxidation (Petsch et al., 2000; Derkowski and Marynowski, 2016) . We suggest that the ketone and carboxyl groups that form as a consequence of kerogen oxidation by migrating fluids can adsorb some cationic species (Derkowski and Marynowski, 2016) because these functional groups produce negative charges on the OM"s surface. This mechanism explains both the correlation of Cu, Pb, U, and V with the Rock Eval S3 parameter and, the enrichment in these elements in the upper part of the partially weathered zone (Fig. 8) .
Cu, Pb, U and V formed a group that was partially adsorbed onto the surface of OM, some of which originated from nascent kerogen with another fraction that originated from the immobile shale ACCEPTED MANUSCRIPT
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16 matrix. The order of mobility, Cu > Pb > U > V, is expressed in the C MOB / C IM ratios (Table 2) .
Interestingly, a small portion of the bulk Ba also appeared to have been adsorbed by OM and concentrated in the enrichment zone (Table 2 ). All these heavy elements are preferably adsorbed when mobilized under oxidizing solutions. We believe that these elements were mobilized by meteoric water from overlying horizons and preferentially bound by carboxyl groups in the partially weathered zone, where the Oxygen Index values were highest (Fig. 5) . The TOC content in the highly weathered zone rapidly decreased, which prevented the binding of heavy elements to kerogen. This enrichment zone could mark the position where migrating oxidation fronts temporarily halted and thereby concentrated some elements.
Variations in stable isotopes through the weathering zone 3.4.1. Organic carbon isotopes
Variations in the δ 13 C of organic matter (δ 13 C org ) are usually interpreted in terms of changes in the burial rate; varying contributions from terrigenous and marine organic carbon to basins, and changes in productivity and atmospheric pCO 2 levels (e.g., Popp et al., 1997; Kump and Arthur, 1999; Berner, 2002; Averbuch et al., 2005; Chen et al., 2005) . The δ 13 C org values of nine samples from the unweathered section in the partially weathered zone defined a narrow range from -27.6‰ to -27.9‰ (Fig. 9) . However, six samples from the partially weathered zone into the weathered zone displayed a 3‰ increase that peaked within the weathered zone, beyond which δ 13 C org decreased to the isotopic composition of the unweathered shale (ca. -27.7‰; Fig. 9 ). Clayton and Swetland (1978) observed a similar, ~3‰ shift in the near-surface weathered zone of the Permian Phosphoria Formation (NE Utah). These authors suggested that the destruction of aromatic structures during weathering is accompanied by the preferential loss of compounds that are enriched in the l2 C isotope. The preferential removal of isotopically "light" carbon due to oxidation which leads to enrichment in l3 C in the residual bulk organic matter, was also reported by Sackett and Thompson (1963) ; similar processes could be responsible for the observed isotopic shifts in our study.
A sharp drop in δ 13 C org in the weathered zone close to the partially weathered zone (Fig. 9 ) correlated with an increase in the Fe/Al ratio, perhaps indicating the transport of fine hematite and goethite particles down from the weathering front. One possible explanation for the δ
13
C org values within the same zone is the downward migration of dissolved organic matter or fine soil OM particles that are enriched in 12 C (see below).
Nitrogen isotopes
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Nitrogen isotopic ratios have been used to trace changes in the degree of nitrate utilization, denitrification, and N 2 -fixation (e.g., Macko et al., 1993; Freudenthal et al., 2001; Lehmann et al., 2002 Rooney et al., 2015) .
The samples from the unweathered zone were characterized by relatively low δ 15 N values, ranging from 0.5‰ to 1.9‰ (Fig. 9) . The samples from the partially weathered zone displayed generally higher but variable δ 15 N values ranging from 1.3‰ to 4.6‰ (Fig. 9) . The total nitrogen contents of the samples from the weathered zone were less than 0.1%, insufficient for δ 15 N analysis.
Potential mechanisms responsible for 15 N isotopic enrichment include the preferential loss of 14 N due to organic matter decomposition, kinetic isotopic fractionation during protein hydrolysis and deamination and bacterial growth (Lehmann et al., 2002; Möbius, 2013) . In this study, the degradation of less resistant organic compounds that were enriched in 14 N was likely the primary cause of documented changes in δ 15 N across the weathering profile.
In some phytoplankton and bacterial cultures, the total protein within a cell is enriched in 15 N (~3‰) relative to the bulk nitrogen content (Macko et al., 1987) . The aerobic bacterial decomposition of the organic matter liberates isotopically light ammonium into sediment porewaters (deamination; Macko et al., 1987) including 15 N enrichment of the residual organic matter as high as 6‰ (Altabet, 1988; Saino, 1992; Altabet and Francois, 1994, Lehmann et al., 2002) . The bacterial biomass, that is produced during the degradation process may also operate as a substrate for further degradation.
Under anoxic conditions, N-isotopic alteration during organic matter degradation is minimal (Sachs and Repeta, 1999) , while the intensive microbial recycling and resynthesis of organic matter is frequently observed under oxic environments (Gong and Hollander, 1997 ). An increase in δ 15 N due to organic matter oxidation was observed in suspended particulate matter (for example, the laboratory experiments of Lehmann et al., 2002) and, in burn sapropels (Lehman et al., 2002; Möbius et al., 2013; Algeo et al., 2014) . Our observations are in line with these earlier findings, but the specific mechanism remains unclear.
Carbonate carbon and oxygen isotopes
Variations in the isotopic composition of marine dissolved inorganic carbon have been interpreted in terms of the effects on redox balances in the carbon cycle and the changes in palaeoproductivity and the burial of carbon (i.e., Popp et al., 1989; Kump and Arthur, 1999) . The oxygen isotope ratio is a powerful proxy to reconstruct oceanic palaeotemperatures and the salinity of ancient oceans (e.g., Joachimski et al., 2004) .
The  13 C carb values of the shales investigated here varied from -2.6‰ to -0.7‰ (Fig. 9) . The samples from the unweathered zone and weathered zone that was adjacent to the partially weathered zone displayed  13 C carb values of -1.4‰ (Fig. 9) . The highest 
13
C carb values were documented from a sample along the boundary of the partially weathered and weathered zones (Fig. 9) . The lowest 
C carb
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values (average of -2.4‰) coincided with the samples from the area of the partially weathered zone that was adjacent to the unweathered zone and the samples collected from deeper within the weathered zone (Fig. 9 ). This observed trend of weathering-induced alteration did not follow that of δ 13 C org , which suggests that the labile OM fraction did not control the  13 C carb variability.

18 O values ranged from -5.1‰ to -4.0‰ and reached their maximum values in the unweathered and partially weathered zones ( Fig. 9; Table 3) . A cross-plot of the oxygen and carbon stable isotope values from the unweathered samples, in which the  13 C rangeed from -1.1‰ to -1.5‰
and the  18 O ranged from -4.2‰ to -4.7‰ showed limited variation, which suggests a low degree of diagenetic alteration of the calcite material (Table 3) .
Carbonate minerals are more reactive and soluble than silicate minerals and often weather preferentially (Williams et al., 2007) . For instance, carbonates are almost depleted in surface horizons of soil profiles where rainfall is abundant (Brantley et al., 2013) . A small but distinct positive shift in
C and less pronounced  18 O increase at the boundary between the partially weathered and the completely weathered zones probably recorded calcite precipitation with an uptake of heavy  13 C and
O, similar to what was described by Rachidi et al. (2009) .
The highly weathered part of the horizon was depleted in carbonate because of the infiltration of freshwater that was enriched in CO 2 and/or organic acids (see Littke et al., 1991; Brantley et al., 2013) . Isotopically light meteoric water and CO 2 present in the soil zone commonly cause a marked decrease of 13 C and 18 O in carbonates that underlay such soils (Allan and Matthews, 1982; Immenhauser et al., 2002) .
The downward migration of O 2 -bearing fluids resulted in the oxidation of pyrite and the release of H 2 SO 4 , which increased the porosity and thus enabled the further infiltration of meteoritic fluids (Brantley et al. 2013 ). The first mineral that H 2 SO 4 was likely to dissolve is carbonate. The weathered part of the horizon with a larger open pore volume, might have allowed the infiltration of larger volumes of isotopically light fluids, facilitating the precipitation of isotopically light carbonates in the weathering zone (Brantley et al., 2013) .
Molybdenum isotope data
The molybdenum stable isotope system provides a valuable tool to assess ocean palaeoredox conditions (Barling et al., 2001; Siebert et al., 2003; Pearce et al., 2008) . The mobilization of Mo from terrigenous material during weathering, erosion, and sediment transport under Mo-bearing fluids is a major source of dissolved Mo in seawater (Siebert et al., 2003; Reitz et al., 2007) . Under oxidizing marine conditions, light Mo is selectively removed from the water column by adsorption onto ferromanganese phases and other authigenic minerals. Thus, preferential fractionation enriches the seawater in heavy isotopes ( 98 Mo ~2.3‰, Siebert et al., 2003; Arnold et al., 2004 , Pearce et al., 2008 . In contrast, Mo fractionation is not observed in water masses in which the sulphide
concentrations exceed 100 μM due to the rapid formation of thiomolybdates (e.g., Erickson and Helz, 2000; Arnold et al., 2004; Nägler et al., 2005; Poulson et al., 2006) .
The studied horizon appears to have accumulated under generally dysoxic conditions (Marynowski et al., 2011a; see above) . Mo fractionation in dysoxic water masses yields 
98
Mo (SeawaterSuboxic) values from approximately 0.8 to 2.2‰ (Goldberg et al., 2009) and typical values of ca. 1‰ . Our  98 Mo data were dispersed within this range ( Fig. 9 ; Table 3 ). The Mo isotope ratios of the samples from the weathered and partially weathered zones corresponded to ratios that are characteristic of continental rocks ( 98 Mo = ~0.0‰; Barling et al., 2001 ) and oxic sediments that were deposited under oxic conditions. Moreover, Mo abundances of these samples are very low (Fig. 3) . As discussed in section 3.2.4, the calculated Mo enrichment factors relative to the average upper continental crust indicated that Mo was highly depleted in all the samples from the highly weathered zone and some samples from the partially weathered zone. The Mo isotope compositions of these samples were dominated by the residual Mo in the detrital siliciclastic component and thus could not provide information on the palaeoredox conditions in seawater. In contrast, the δ
Mo values of the samples from the unweathered zone increased to ~1.15‰, which were characteristic of the suboxic (to anoxic) conditions of continental margin settings (Dickson et al., 2014) . Representative hysteresis loop after correcting for para-and diamagnetic contributions (B).
A C C E P T E D
A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T
Demagnetization results of a representative specimen before tectonic correction (C). VGP results (orange -before tectonic correction; green -after tectonic correction) plotted on a synthetic APWP diagram for Baltica after Torsvik et al. (2012) (D). Fig. 3 . Composite depth plot of the KQ136 black shale that shows the trace metal ratios, Mo concentrations and stable isotope values. Fig. 4 . TOC-TS-Fe ternary diagram for the KQ136 black shale that shows significant differences from weathering. Almost all the samples from the weathering zone were located at one point because of their very low TOC values and null TS. Fig. 5 . Changes in the OM pyrolysis (Rock Eval) parameters S2 and S3 along the weathering transect. Fig. 6 . U-EF vs. Mo-EF for unweathered and two partially weathered shale samples (plot according to Tribovillard, 2009 and Tribovillard et al., 2012 with a logarithmic scale) (A) U-EF vs.Mo-EF for all the studied samples that shows their alteration during weathering (no logarithmic scale) (B). Fig. 7 . Rare-earth element distribution patterns for the three weathering zones when normalized to PAAS (Post-Archaean Australian Shale). Fig. 8 . Composite depth plot of the KQ136 black shale that shows selected trace metal ratios vs.
aluminium. The enrichment zone is highlighted in the upper partially weathered shale section. Fig. 9 Fig. S1 . XRD patterns of the bulk rock samples in the low-angle 2ΘKα range characteristic for clay minerals. The peak at ~4.5 Å represents the major 020 reflection of the illite+smectite group. The 10.0 Å and 5.0 Å peaks correspond to mica, while the 10-13 Å range represents illite-smectite. The 14.3 Å and 7.1 Å peaks belong to chlorite while the 14.6 Å peak corresponds to vermiculite. The peak at ~4.25 Å corresponds to quartz. Fig. S2 . XRD patterns of oriented preparations from 0.2-2 m fractions of (A) unweathered black shale, and (B) weathered red shale. R1 -ordered illite-smectite, I -discrete illite, Q -quartz. The reflections of chlorite and vermiculitic minerals, and the low-angle reflection of illite-smectite are marked with their d values in Å. Observe the lack of swelling of chlorite after glycolation and the swelling of the vermiculitic minerals, which completely collapses to 10 Å after heating at 500 o C. Fig. S3 . Composite depth plot of the KQ136 black shale that shows the major element ratios. Fig. S4 . Rock Eval pyrolysis data on a conventional OM origin and maturation van Krevelen diagram. The arrow indicates the direction of alteration from the unweathered to the partially weathered zone. The samples from the weathered zone were not analysed because of the excesively low TOC content. Fig. S5 . Th/U vs. Ni/Co (A) and V/Cr vs Ni/Co plots (B) which show the inferred redox fields (from Hartkopf-Fröder et al., 2007) . Fig. S6 . Composite depth plot of the KQ136 black shale that shows the REE distribution.
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M A N U S C R I P T 28   Table S1 . Total organic carbon, total sulphur and selected major and trace element contents in the KQ136 black shale. A to F = unweathered zone, G to K = partially weathered zone, L to T = weathered zone. Table S2 
